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I .  SUMMARY 
An experimental stress analysis was undertaken t o  evaluate stresses 
within cylindrically hollow reinforced webbed bearing balls proportioned 
for a 50% mass reduction. S t r a i n  gage rosettes were  used t o  determine 
steel ball models s ta t ica l ly  loaded principal strains and stresses i n  the 
in various orientations. 
Results are reported for 127 mm 
1 b )  loads. Simi 1 i tude considerations 
calculate stresses in actual size d r i  
mass reductions. 
(5  in )  OD ball s under 44,500 N 
permit these results t o  be app  
11 ed bearing ball s proportioned 
(10,000 
lied t o  
t o  these 
I I .  INTRODUCTIOI~ 
Aircraft gas turbine engines currently operate in a speed range o f  
1 .5  t o  2 million DN (bearing bore i n  mm times shaft speed i n  rpm).  I t  
i s  estimated t h a t  engine designs o f  the next decade will require bearings 
t o  operate a t  DN values of 3 t o  4 million. In th i s  DN range,  the  reduction 
1 oped i n  bearing fat igue l i fe  due t o  the high centrifugal forces deve 
between the rolling elements and outer race becomes prohibitive 
To solve the problem of  reduced fat igue l i fe  in high-speed ball  bearings 
various methods o f  reducing  centrifugal  force have  been proposed,. One o f .  
these i s  t o  reduce the ball mass by "dr i l l  ing" a cy1 indrical hole t h r o u g h  them 
using electric  discharge machining (EDM) techniques.  Full-scale  bearing 
tes t s  w i t h  cylindrically hollow (dril led) balls have demonstrated t h a t  
operation a t  speeds t o  3 million D N  is possible (l). '  Fracture o f  the 
dril led balls has also been experienced during the operation o f  the full- 
scal e bearings . 
Stra in  gage techniques have  been  used successfully t o  evaluate stresses 
in the drilled ball ( 2 ) .  The present  investigation  continues  the work o f  
( 2 )  t o  evaluate the effect on stresses o f  leaving a web or reinforcing 
structure within the ball instead o f  machining the cylindrical hole all the 
way t h r o u g h .  
Numbers in parentheses designate references a t  end o f  report. 
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1 I I .  i4GDELS 
Actual bearing ball s dgnarr.ica1 ly  loaded in a full scale b a l l  bearing 
would  be d i f f i cu l t  t o  instrument for  experimental stress analysis. The ball 
models  used i n  t h i s  study were selected for ease of fabrication and instrumen- 
t a t i o n .  They were turned from mild steel  bar stock with a radius cutting 
tool t o  a 127 mm ( 5  in OD) spherical contour, bored t o  an ID calculated t o  
provide the desired mass reduction o f  50 per cent, and then chamfered as 
actual  bearing  balls. This procedure was used in  the  investigation  reported in 
( 2 )  ; so that results of the present investigation are directly comparable 
w i t h  the  previous work. In  this case, however, a reinforcing  structure i n  
the form o f  a web or webs  was l e f t  in the bore of the model. The  web  was 
an  integral p a r t  of the original ball model waterial i n  the single webbed 
bal l .  The double webbed ball model has fabricated by adhering disks with 
epoxy adhesive within the base of a previously used cylindrically hollow 
model . 
Figure 1 gives rrodel dimensions. The mild steel  material  simplified 
metal cutting.  Its  lack o f  hardness and low value of yield stress were n o t  
problems as care was taken t o  insure t h a t  s t ra ins  were  always w i t h i n  the 
e las t ic  range. The 127 mm ( 5  in)  model size seemed t o  be compatible  with 
available 1 mm gage length strain gage rosettes and proved easy t o  position 
and load i n  a universal  testing machine. TKL Z F W - 1  ( 1  mm gage length) 45s 
s t ra in  gage rosettes were  mounted on the nlodels in locations shown in 
Figure 2 .  
The rosettes were  mounted k t i t h  one s t ra in  ~ a a e  of each rosette alisned 
parallel to the axis o f  the hole or bore cjf the rrodel. Gther s t ra in  gages 
3 
on the rosette backing were then automatically aligned a t  45' and 90' t o  the 
axis of the hole. A l ine  of rosettes was thus established parallel t o  the bore 
ax is  on the inter ior  of the model. As. the models  were syrmetric a b o u t  the ball 
mid plane perpendicular t o  the bore only one half of the model  was strain gaged. 
The strain gaged ha1 f was repositioned to replace the utqaged half and reloaded 
t o  o b t a i n  a complete s t ra in  dis t r ibut ion.  Table 1 gives  actual gage locations. 
The location'of the rosettes relative t o  the vertically downward COG- 
pression  loads  applied t o  the model i s  defined by two angles, 9 and $ .  Theta. 
i s  the angle of rotation abou t  the axis of the base from an ini t ia l  or ientat ion 
w i t h  the l ine of roset tes  direct ly  urider the load ( 9 = Qo case). Figure 3 
shows angles 3 and Cp . While the investigation reported i n  ( 2 )  presented d a t a  
for cased of 8 = go, 30°, 60°, and 90°, the 30' and 60' d a t a  served only t o  
verify a smoothly varying continum of stresses t h a t  a ball would experience i n  
roll ing.  In practice the extreme values  experienced a t  3 = 0' and 8 = 90' are  
of principal interest and only these values are  presented  here.  Exterior  strains 
and stresses were demonstrated i n  ( 2 )  t o  be smaller t h a n  inter ior  s t ra ins  and 
stresses and are 1 ikewise n o t  presented here. 
Phi i s  the  angle of inclination of the axis of the bore of the model w i t h  a 
horizontal  plane imagined t h r o u g h  the en:??- o f  the model.  Phi = 0' is  the 
symmetrically  loaded case, while 9 = 40' resulted i n  the ioad  being applied 
close t o  the edge o f  the hole as may  be seen in Figure 3. Data  was taken a t  
e = Oo, Z O O ,  and 40' orientations w i t h  the load. 
A 44,500 N (10,000 lb )  load  was  used t o  obtain a response sufficient for 
accurate measurement. 
Figure 4 shows a model positioned in the testing mchine and Figure 5 
shows the models used. The modeis  were eositicned by protractor tcj 1 ines 
scribed on the nlodels with a dividing beacl and height gage. Strains measured 
were very sensitive t o  load orientation. 
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Instrumentation s i r i l a r  t o  t h a t  described ir! ( 2 )  was used t o  o b t a i n  
and record d a t a .  
IV. RESULTS AND DISCUSSION 
Strains read from the recorder charts w r e  used t o  compute principal 
\ 
strains,  stresses and angles, for each rosette. These are given i n  Table 2. 
In  these tables epsilon A i s  the axial strain, read from the o u t p u t  of 
a strain gage  mounted paralled t o  the axis of the hole (bore) i n  the model. 
Epsilon B i s  the strain 45' t o  epsilon A, and epsilon C i s  the hoop s t ra in ,  
read from the strain gage  mounted a t  90' t o  epsilon A. The da ta  reads from 
the t o p  down from the outermost rosette, closest t o  the p o i n t  of l oad  app l i -  
ca t ion  inward past the ball center line and on o u t  t o  the outermost rosette 
on the other side of the ball,  a.way from the loaded p o i n t .  Web strains are 
similarly listed from outermost rosette t o  center t o  outermost rosette. 
Epsilon 1 and epsilon 2 are  the computed principal  strains. All strains 
are given i n  micro mm/mm (micro i n / i n )  w i t h  cl always being the algebraically 
l a rge r  (most positive) o f  the  principal  strains. Sigma 1 and Sigma 2 are  the 
computed principal stresses i n  mega  Newtons per square meter ( k i l o  pounds per 
square inch)  w i t h  Sigma 1 always the algebraically larger of the principal 
stresses. Alpha is  the  angle between EA and cl . 
The stresses o f  Table 2 are shown graphically i n  egures  6-9. Figure 6 
shows the stresses along the bore f o r  the single web design, while figure 7 
shows the stresses along t h a t  web.  The stresses along the bore for the 
double webbed design sre  shown i n  f i gu re  8 ,  and the stresses along one of 
these webs as shown i n  figure 9. I n  each case, the stresses are shown for  
two values of CI and three values of $ . 
Princibdl stresses.were calculated frorr; the measured strains using 
equations from Dally and Riley ( 3 ) .  
with values  for modulus o f  e las t ic i ty ,  E ,  o f  207 X 10 N / m  (3U X lo6 lb/in ) 
and a Poisson's ratio v of 0 . 3 .  Table 2 gives values o f  measured s t ra in ,  
principal  strain and principal stress. 
9 2  2 
In the course of loading the models, strain was observed t o  De pro- 
portional t o  load. From equations (1  ) ,  ( 2 )  , and ( 3 )  above, the calculated 
n 
principal stresses are then proportional t o  load. As st ress  = force/( length)L 
and a l l  dimensions of a model o f  specified mass reduction are proportional t o  
model outer diameter, the data in table 2 may be used t o  calculate stresses 
for similar balls as 
Stressl Forcel x 
Stress2 Force2 
2 
- -
- 
6 
Comparison  of figures showing v a r i a t i o n  of stress w i t h  location in the 
reinforced balls w i t h  corresponding figures of reference ( 2 )  shows t h a t  
b o t h  designs of  webbed balls significantly affect, stress levels and stress 
distribution. In regions close t o  the web (or  webs) stresses are appreciably 
1 owered  when loads are applied close t o  a single web reinforced ball , or 
between or near one  of the webs in the double webbed ball design. The figures 
also indicate t h a t  the balls can be very highly stressed by loads applied 
close t o  the edge  of the holes. While t h i s  i s  not  unexpected, the magnitudes 
of the principal stresses and their signs would  seem t o  indicate t h a t  ful l  
scale bearings incorporating dril led balls should be designed with special 
attention t o  the prevention of edge loading. 
VI. CONCLUSION 
The stress distribution in reinforced cylindrically hollow balls origi- 
nally proportioned f o r  a mass reduction of 50 per cent has been determined. 
reinforcing webs incorporated into the drilled ball reduce stresses near the 
reinforcement, b u t  do n o t  greatly reduce stresses due t o  loads applied near 
the edges of the hole where stresses are largest. If cy1 indrical ly hollow 
balls are used in ball bearings i t  seems advisable t o  limit load applications 
t o  less t h a n  20' from the ball center line. 
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TABLE 1 
STRAIN GAGE LOCATIONS  DISTANCE FROM BALL  MIDPLANE TO  GAGES 
SINGLE WEBBED  MODEL 
I n t e r i o r  
A x i a l  & 45' 
Gages 
Hoop 
Gages 
m I N  mm 
8.4 .33 10.7 
15.7 .62 18.0 
23.1 .91 25.4 
30.5 1.20 32.8 
37.8 1.49 40.1 
I N  
.42 
.71 
1 .oo 
1.29 
1.58 
Gages 
A1 i gned 
Gages 
mm I N  mn I N  
2.3 0.09 0.0 0.00 
20.1 0.79 17.8 0.70 
38.3 1.51 36.1 1.42 
DOUBLE  WEBBED  MODEL 
I n t e r i o r  
A x i a l  & 45' Hoop 
Gages Gages 
mn I N  mm IN 
0.0 0.00 2.3  .09 
9.7 .38 11.9 .47 
19.3 .76 17.0 .67 
35.1 1.38 32.8 1.29 
Web 
Gages Gages 
m I N  n I N  
450 & 900 A1 i gned 
2.3  0.09 0.0 0.00 
18.5 0.73 16.3 0.64 
36.1 1.42 33.8 1.33 
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THETC = 0. F E I  = 
E P S I L G h  A E F S I L C K  B 
P I C R G  M / P  M I C C C  M / M  
- 2 4 .  1 2 7 .  
64 2r7. 
1 8 5  . 257. 
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-:e . 1 4 k .  
-93. 6 4 .  
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- 7 8  4 n .  
-61 e 52. 
- 3 5 .  56 
w 
I+ 
THET4 = 2 .  P P I  = 
E P S I L O h  A E F S I L C K  B 
65 4 589. 
-641 c2 
-6hC -€3. 
-495. -27. 
-352 -45. 
-175. 2 2 .  
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-3:. 43 .  
r I c e c  M / M  r x c G G  M / M  
2’? 
E P S I L O N  I: E P S I L O N  I E F S I L G N  2 
M I C R O  M / P  VICRO M / M  K I C R O  M / M  
242 243 -25 
3 2 3 .  324 63. 
382. 383. 1 8 4 .  
385. 385. 142.  
332. 333. -19. 
169 s 171. -96 
163. 163. -95. 
1 4 7 .  148 -79. 
142. 1 4 3 .  - b i  0 
133. i33. -39. 
4 0 .  
E P S I L O N  C E P S I L O N  1 E F S I L C N  i 
MICRO  M/P PIC?O M / ; 1  MICRO M / M  
1124. 1124.  65 
98%. 9A6 -645 . 
642. 644 0 -562- 
422 422 -495. 
3 0 2 .  302. -392. 
158. 161 -178. 
1 4 6  146. -1 24. 
136. 136. -85. 
125 126. -58. 
112. 112. -31. 
TABLE 2a 
SIGMA 1 
MN/M*H L @ / I h * I N  
31.63 4588. 
34.73 5537. 
38. A4 5633 
47.53 6893. 
65 67 8853. 
63 57 8 8 0 0  0 
47.53 6893. 
39.84 5633 
34.73 5E 37 
31 63 4 5 8 8  . 
SIGMA 1 
M N / M * H  L B / I l \ i * I N  
53.56 7769 4 
77.99 1: 298. 
99.59 1 4 4 4 4  
97.19 ’ 14L37. 
74 . 37 10766. 
32.27 468U 
3r, .57 4434 . 
28.22 4693. 
28 0 22 4 t 9 3 .  
27mb5 4L l .3 .  
SIGMA 1 
MN/M*M L B / I N * I N  
2 5 5  92 37698 . 
19J. 13 26121. 
151.28  14689 
6 2  17 9C16. 
41 91 6679. 
24.42 3542. 
24.73 3587 
25 20 3654. 
24 e65 3575 . 
23.41 3395. 
ALPHA 
DEC 
- 3  . 
-1. 
-3 . 
-3 . 
-3. 
- 0  . 
-3. 
-1. 
-3 . 
- a .  
ALPHA 
DEG 
-4 . 
-3. 
-4. 
- 0  
3 .  
-6 . il. 
-3. 
-3. 
-3. 
SIGMA 2 ALPHA 
MN/M*F L B / I N * I N  DEG 
91.42 13259. 0. 
-79.34 -11557. 3. 
-126 e 6 3  -15460. 2. 
-83.74 -12145. 0. 
-68.51 -9936. 0. 
-29.44 -4271. -5. 
-18 23 -2644 0. 
-10 13 -1469. -3 . 
-4.56 -661. -4 . 
0 -53 77. -3. 
D A T A ,   P R I N C I P P L  S T R A I N S ,  STHESSES. A N 0  ANGLE 
F O G  A 44530  (1c.ooa LE)  L O A D  CN 127 M M  (5 IN) 00 
HEeREG 5 0  PEFCEKT M A S S  2 E O U C T I G N  HOOEL I N T E R I O R  
THETP = 90. P H I  = 
E P S I L G N  A E F S I L C N  B 
P I C R G  M/W M I C R G  M / M  
2 7 .  -40 . 
32 -4R. 
4 7 .  - 4 3 .  
4 t  0 -42 .  
4R - 4 9 .  
48  -49 .  
4 c .  - 4 ; .  
4 7 .  - 4 3 . .  
3 2 .  - 4 9 .  
2 7  -4;i. 
THETP = 5 2 .  P k I  = 
E P S I L G h  A f F 5 I L C K  9 
+p K I C Q G  k/M M I C R G  M / M  
N 26 -46 .  
3 3 .  -43 .  
3 8 .  -75. 
38 .   -49 .  
4 7 .  - 1 4 .  
3 8  -89 .  
41 - 4 3 .  
41 e -75. 
3 5  e -59. 
3 2 .  - 4 3 .  
T H E T A  = 9 0 .  F b I  = 
EPS1LC.k A E F S I L C h  n 
i9. - 4 5 .  
3 2 .  - 3 6 .  
27 - ? 3 .  
3 1  e -45 .  
4 2 .  8. 
3 3 .  -IC!+. 
3 8 .  - 4 z .  
35 .  - 8 7 .  
3 8 .  - 6 5 .  
3 € .  - 4 3 .  
r Ic2c VIP P I C F G  PIM 
0. 
EPSILON C 
MICRO M / M  
-94 
-1lC 8 
- 1 2 5 .  
-1 24 
- 1 2 8 .  
- : 2 9 .  
- 1 2 4 .  
-1 2 2 .  
-110. 
- 9 4 .  
4 3 .  
E P S I L G F ;  C 
M I C R O  M / M  
- 9 2 .  
-1 17 
-1 27.  
-120. 
-1 25 
-111. 
- 1 2 2 .  
- 1 2 6 .  
- 1 2 6 .  
-1c9. 
E P S I L O N  I 
M I C R O  M / M  
2 7  
33. 
4 7 .  
LR. 
4 1 .  
4 ; .  
4 7 .  
3.3 . 
2 7 .  
4 e .  
E P S I L O N  1 
P I C R O  M/M 
2 E .  
3 3 .  
3 4 .  
3 5 .  
5 ? .  
51. 
41. 
4 t \ .  
3 7 .  
.? 3 . 
E P S I L O N  1 
M I C R O  M / M  
21 . 
32.  
3 2  
3 1  
56. 
61 . 
38. 
4 5 .  
4 2  
36 
E F 5 I L C N  i 
M I C R O  M / M  
- 9 4 .  
-111. 
- 1 2 c .  
- 1 2 4 .  
-128. 
- 1 2 5 .  
- 1 2 4 .  
- 1 2 2 .  
-111. 
- ? 4 .  
E F S I L C N  i 
M I C R O  M / M  
-93. 
-117. 
-1 3 2  
- 1 2 c .  
-1 39 
-1 35 
- 1 2 2 .  
-1 36. 
-1 20. 
- 1 3 9 .  
TABLE 2b 
S I G M A  1 
YN/M+M L @ / I F r * I N  
- 0 . 2 2  - 3 2  
- J  I 1 4  -2il. 
2.54 3 6 8  
3 . b 4  9 2 .  
3.26 327 
2 .26  3 2 7 .  
f .b4 9 2 .  
2 .54  368 .  
- 0  1 4  - 2 0 .  
- 2 . 2 2  -32  
ALPHA 
O E G  
- 3 .  
-4 . 
-2. 
3 .  
- 3 .  
-3 .  
J .  
-2.  
- 4 .  
- 3 .  
ALPHA 
D E L  
-3. 
1. 
5.  
0 .  
9. 
-15 
-11. 
-6 
-4.  
- a .  
ALPHA 
D E &  
-4 . 
2.  
10. 
- 0 .  
15 
-22  e 
0.  
-14. 
-8 s 
-3 .  
G J T A ,  c ? I h C I F b L   S T E A I N S ,  S T R E S S E S ,  ANf l   ANGLC 
F O R  A u45G3 F. ( l i 2 0 1  L i l l  L O A D  ON 127 M M  ( 5  I N )  G G  
L * F E S E G  50 P E F C E N T   M A S S   3 E D U C T I G N   M O D E L  WE8 
E P S I L O N  1 
M I C R O   M / M  
117 
167. 
173. 
:73. 
167 
117 
2 3  
E P S I L O N  C E P S I L O E J  1 
l l I C R O  M / M  P I C R O  M / f l  
122. 126 
135. 136 
168 * i69 
178. 1 7 9  
2co. z i ' i .  
8 4 .  122.  
E F 5 I L C . N  2 
V ICQO  M/V  
-335. 
- 2 5 6 .  
-??1. 
- 2 2 5  
- 2 1 3 .  
-163. 
4 5 .  
E P S I L O N  C E P S I L O N  1 E F S I L C h  2 
M I C R O  M / H   P I C R 3  M / ! t  M I C R 3  M / M  
126. 123. -267. 
147 147 8 - 2 0 9 .  
175. 1 7 5 .  -174. 
18.3 .  1n3. -176. 
2 1.6 2C5 -151. 
52. 131. -72. 
TABLE 2 c  
S I G F A  1 
M N / M * M  L @ / I N * I N  
4.73 695 
2 J .  ;2 2 9 0 4 .  
22.20 32211 
23.20 3520 
23.ll2 2 9 3 4 .  
4.79 695. 
S I G M A  1 
M N / M * M  L O / I k * I N  
11.19 1623 
19.20 2794. 
27 95 4C54. 
29.65 4301. 
36.59 5305. 
2 4  87 3EL7. 
ALPHA 
DEG 
-12. 
-3. 
-3. 
-3. 
- 3  
-12 . 
ALPHA 
DEL 
-5 
-3. 
-3. 
-3 
-2. 
-21 
ALPHA 
D E L  
-5 . 
-1. 
- 2 .  
-2. 
-2 
-27. 
I 
T H E T A  = 9 ? .  F l - I  = 
E P S I L C N  A C F S I L C N  H 
rrcRc u/r PICFG VIM 
1 1 . -Z6m 
1 5 6 .  -17. 
1 7 c .  - 2 4 .  
17 '4 .  -24. 
1 5 6 .  -17. 
ill. -26. 
7 
I .  
E P S I L O N  C E P S I L O N  I 
Y I C R O  M/P K I C R O  M / M  
-85. 198. 
-2C5 156.  
- 2 4 8  179 
- 2 4 9 .  1790 
-2P5. 156 
-8'1 a 108 . 
20 . 
E P S I L O N  C EPSILON I 
- 7 4 .  :22. 
-15:. 166 
- 2 2 1 .  173. 
-215.  173. 
-192 .  165 
-81. 1 2 9 .  
I q r c ~ o  M / V  ~ I C Q O  M / M  
E P S I L O N  2 
M I C R O  M / M  
-87. 
-205. 
-248. 
-248. 
-205 
-87. 
E P S I L O N  2 
MICRO H/H 
-77. 
-1 52  
- 2 2 1 .  
- 2  16 
-192. 
- 9 7 .  
TABLE 2d 
SIGMA 1 SIGMA 2 
HN/M*M L B / I N + I N  MN/H*P L B / I N + I N  
22.49 3262 -9.19 -1333. 
24.58 3565. -32 26 -4679. 
25 63 3717. -38.04 -5517. 
24.65 3 5 7 5 .  -57.35 -5418. 
24.47 3 5 4 9 .  -32.45 -47G6. 
22.71 3594 . -13.25 -1922. 
S I G M P  1 SIGMA 2 
M N / M * M  L @ / I N * I N  MN/M*h L B / I h * I N  
26 s 32 3904 -5 s 35 -776s 
29-97 42i6. -24.04 -3487. 
29.59 4292 -27.53 -3992. 
2707G 4017 e -27.70 -4017. 
27 71 4519. -24.16 -35C4. 
27.55 3996. -1ii 71 -1554. 
ALPHA 
DE6 
-11. 
I. 
1. 
1. 
I. 
-11. 
ALPHA 
DEt i  
-7 
2. 
-1. 
2. 
- 2 .  
-15 
ALPHA 
DE G 
-4 . 
4. 
- 0  . 
1. 
- 3 .  
-15 
G A T A .  FEINCIFAL  STRAINS,  STRESSESI AND ANGLE 
FOR A 4 4 5 ~ 0  N ~ I C O O U  LB) LOAD ON 127  M M  (5 IN) oa 
DOUBLE HEEBEO 5 0  PERCENT HASS REOUCTION MOOEL I N T E R I O R  
THETA = 0 .  P H I  = 
EPSILON A E F S I L C N  B 
PICRG B/M PICFC M / M  
244 95. 
286 -76 .  
348. -218. 
388 2 5 0  
3 4 0  0 218. 
286. -75. 
244 95 
THETA = 0 .  P H I  = 
EPSILGK B EPSILCF; B 
K I C R G  M / M  H I C R G  H / M  
320 0 1 6 8 0  
404 8 .  
424. 2g2. 
342. 5 9 0  
244 74. 
208 -56 0 
lac :  0 60 
THETP = 0 .  F F I  = 
EPSILON A E F S I L C N  B 
HICRG H/H M I C R O  H / M  
1256.  3740 
410 -E6 
370 -72. 
28t .  - 2 4 0  
216. 4 2 0  
1 9 6  -84 
174.  56 0 
0. 
E P S I L O N  C EPSILON I 
M I C R O  M/H M I C R O  M / M  
-54 244 
-860  352
1 2 6  350 . 
2IG 3880 
126.  350 
-86 s 352 
-540  244. 
20 
E P S I L O N  C 
MICRO M/P 
16 
10 
36 
-82.  
-88. 
-134. 
-66 
40 
EPSILON C 
M I C R O  M/H 
- 5 0 8 .  
-440 0 
-372s 
-236 0 
-1 30 
-114 
-62. 
EPSILON 1 
f l I C R O  M / M  
320 
487. 
426. 
344. 
244 
254. 
180. 
EPSILON 1 
MICRO M / M  
1256. 
413. 
3770  
284 
216 
2 4 0  
174. 
EPSILON 2 
MICRO M / M  
-54 
-152. 
1 2 4 0  
210.  
124. 
-1520 
-54. 
EPSILON P 
RICRO M/H 
16. 
-73. 
34 
-84. 
-88  
-180. 
-60 0 
TABLE 2e 
SIGMA I 
MN/M+H L B / I N + I N  
5 1   * 7 8  7510 
69.64 10101. 
87.95 127560  
102.59 1 4 8 7 9 0  
87 95 12756. 
69.64 10l010 
5 1  78  7510 
SIGMA i 
MN/H*B L B / I N * I N  
73.83 10708 
105  72 15333. 
99 15 1438u 0 
720  53 105190  
4 9 0 4 7  7 1 7 5 0  
4 5 0 4 0  6585 
36.82 5 3 4 1  
SIGMA 1. 
MN/M+M L B / I N + I N  
250 85 363820  
63.67 9 2 3 5 0  
59.81 8674 
48 20 6 9 9 1  
40 23 5835. 
43  80 6352 
350  32 5123. 
ALPHA 
DEG 
0 .  
-21. 
-5 
-3 
-5 
-21. 
0 0  
ALPHA 
DEG 
0 .  
-23. 
-4 . 
-4 . 
-10 
-19 
0 0  
ALPHA 
DEG 
0.  
-3. 
-5 
-,5 0 
- 0  0 
-19. 
'0 
GhTA,  PRIKCIPAC  STRAINSI  STRESSES, AND ANGLE 
FOR P 445[10 Fi ( I C 0 3 3  LA) LQAD GN 127 M M  (5 I N )  00 
GOUBLE WEeEEC 5 0  FERCENT MASS REOljCTION MODEL I N T E R I O R  
THETP = 50. P H I  = I?. 
EPSILOEi A E P S I L C K  E E P S I L O N  C 
r I c R c .  w/pc r I c E c  W M  MICPO M / P  
-156. -51). 56 
-208. l i i .  282. 
-22c; .  - 7 5 .  52 . 
-214. -74. 52. 
-22@ . -78. 52. 
-156. -5P . 56 . -228. 1 2 2 .  282. 
THETA = 90. P H I  = 
E P S I L G h  A E F S I L G h  E 
P I C R G  M / F I  PICKG M/H 
-174 - 6 8 .  
-348 . 2 7 6 .  
- 2 0 2 .  -114. 
-348 . -1C4. 
-348. 276. 
-174. -68. 
!g -348.  1r4
THETA = 90. Pt-I  = 
E P S I L C N  A E P S I L C h  B 
MICRG M/H M I C K G  M / M  
-174 -69. ' 
-178 412. 
z -166s -119. 
g -156. -1iE. 
? -166. -118. 
op -178. 412. 3 -174. -69 
20. 
E P S I L O N  C 
M I C F O -  M / M  
3 8 .  
296 
42 
4 t .  
42 
296 
' 38. 
E P S I L O N  i 
M I C R O  M / M  
56 
296 
52. 
52 
52 
296. 
56 
E P S I L 9 N  1 
P I C R O  M / M  
38. 
415 
48 
44. 
48 . 
415 
38 . 
4 0  . 
E P S I L O K  C E P S I L O N  I 
M I C R O  M / M  P I C H O  M / M  
36. 36. 
300. 486 
28. 47 . 
28 40 
' 3 c o .  486 
- 3 6 .  36 
z n .  40 . 
E P S I L O N  2 
M I C R O  H / H  
-156. 
-222. 
-214 .  
-2 ZLi 
-222 . 
-156. 
-22a. 
E P S I L G N  2 
M I C R G  M / M  
-174. 
-467. 
-354 . 
- Z C 6 .  
-354. 
-467. 
-1 74 
E P S I L O N  2 
M I C R O  M / M  
-174. 
-364. 
-178. 
-175. 
-178. 
-364 
-1 74 
TABLE 2f 
SIGMA 1 
HN/M*M L @ / I N * I N  
2 . 0 9  303. 
52.19 75 75 . 
- 3  16 -458 
-2  74 -398 a 
-3.16 -458. 
52.19 7570 
2 . 0 9  303. 
SIGMA 1 
MN/H*M L B / I N * I N  
-3.23 -468 
62.56 9G73. 
-13s  22 -1917 
-3 98 -577. 
-13.22 -1917. 
62.56 91373. 
-3.23 -468 
SIGHh 1 
MN/H*H  LB/ IF ; * IN 
-3 68 -534 . 
85 a 59 12414. 
-3.10 -449 . 
-1 26 -183. 
-3.10 -449 
85.59 12414. 
- 3  68 -534. 
SIGMA 2 
HN/H+P L B / . I N * I N  
-31 64 -4509. 
-30.33 -4399. 
-46.48 -6742.. 
-45.13 -6545.  
-46 i 48 -6 742 
-30.33 -4399. 
-31 a64 -4589. 
ALPHA 
DEG 
0. 
-10 . 
-1 a 
-2. 
-1. 
-10 a 
0. 
ALPHA 
GEG 
0.  
-22 a 
-7 . 
8 .  
-7. 
-22 . 
0 '. 
ALPHA 
OEG 
0. * 
-28 
13. 
17 
13 a 
-28. 
0. ' 
